Solid state NMR is a powerful tool to probe membrane protein structure and motions in native 12 lipid structures. Sample heating, caused by magic angle spinning and radio frequency irradiation 13 in solid state NMR, produces uncertainties in sample temperature and thermal broadening caused 14 by temperature distributions, which can also lead to sample deterioration. To measure the sample 15 temperature in real time, and to quantify thermal gradients and their dependence on radio 16 frequency irradiation or spinning frequency, we use the chemical shift thermometer TmDOTP, a 17 lanthanide complex. Compared to other NMR thermometers (e.g., the proton NMR signal of 18 water), the proton spectrum of TmDOTP exhibits higher thermal sensitivity and resolution. In 19 addition, the H6 proton in TmDOTP has a large chemical shift (-175 ppm at 275 K) and is well 20 resolved from the rest of the proton spectrum. We identified two populations of TmDOTP, with 21 differing temperatures and dependency on the radio frequency irradiation power, within 22 proteoliposome samples. We interpret these populations as arising from the supernatant and the 23 pellet, which is sedimented from the sample spinning. Our results indicate that TmDOTP is an 24 excellent internal standard for monitoring temperatures of biophysically relevant samples 25 without distorting their properties. 26 27
experiments on biological samples due to the resistive losses from the high concentration of ions 47 in typical biological buffers and the dipolar losses from the presence of mobile permanent dipoles 48 such as in hydrated lipids 12,15-18 . Since the heating mechanism is difficult to completely avoid for 49 such samples, it is critical to monitor the temperature changes and heating gradient in order to 50 control the sample temperature during SSNMR experiments. 51 52
Here, we use thulium 1,4,7,10-tetra-azacyclododecane-l,4,7,10-tetrakis (methylene phosphonate) 53
TmDOTP 5-(CAS: 30859-88-8), specifically the H6 proton chemical shift, as an internal 54 thermometer to measure the temperatures for biological samples during SSNMR experiments 55 ( Figure 1A ). TmDOTP 5is a water soluble paramagnetic complex, which is known to have 56 strongly temperature dependent chemical shifts for 1 H, 13 C and 31 P ( Figure 1B) . Compared with 57 other compounds that have excellent thermal resolution in chemical shifts, such as Pb(NO3)2, 58
KBr or Sm2Sn2O7 19 , TmDOTP 5is convenient to measure, since temperature measurements are 59 made in situ, without changing samples or probe tuning. The H6 proton was chosen for its 60 moderately high temperature sensitivity and relatively narrower linewidth compared to the other 61 five nonequivalent protons 20 . Due to its low toxicity, TmDOTP 5has been applied to clinical 62 magnetic resonance to measure the temperature of tissue cells and tumor cells during surgery 20 . 63 64 65 66 
71

Experiment and Method 72
Sample preparation 73
TmDOTP (Macrocyclics, Inc.) buffer was made with 25mM TmDOTP (molecular weight: 914.2 74 g/mol), 20 mM MOPS and 100 mM KCl at pH 7.5 in 99.96% D2O (Sigma). 10mg wt-KcsA was 75 overexpressed and reconstituted into 3:1 DOPE/DOPG (wt/wt) liposomes as described 76 previously 21 . Then the proteolipsome sample was resuspended and incubated with TmDOTP 77 buffer (same conditions as above) for 2 hours before packing into a regular-wall zirconia Bruker 78
3.2mm rotor with a silicon spacer on the top. 79
NMR Spectroscopy 80
Experiments were carried out using a 3.2 mm standard-bore E-free probe and 1.3 mm HCN probe 81 on a Bruker Avance II 900 MHz spectrometer. The temperature was regulated with VT gas (flow 82 rate 1070 L/hr) and a heater in the probe. The VT control unit was calibrated using the chemical 83
shift difference between the -CH3 and -OH groups of methanol 22 . The temperature of the system 84 was allowed to equilibrate for at least 15 minutes after each temperature change. The pulse 85 sequence used to measure heating from RF irradiation is shown in Figure 2 . 1 represents the 86 duration of the heating pulse, which resembles high power decoupling. Unless otherwise specified, 87
1 was kept at 30 ms and the recycle delay was 1 s. 2 is the delay time to study cooling. Owing 88 to the short T1 of the TmDOTP H6 proton (~ 800 µs), we kept 2 at 5ms to limit heat dissipation 89 before acquisition. A short spin echo ( 3 = 40 µs) is added before acquisition to suppress TmDOTP 90 H1 signal, which has a larger temperature slope (ppm/K) and could interfere with H6 signal at high 91 temperature. The one-dimensional MAS spectra were acquired using 8 dummy scans and 512 92 scans. 93 94
The 13 C-13 C dipolar assisted rotational resonance (DARR 23 ) experiments with 50 ms mixing time 95
were performed on the same 900 MHz spectrometer with a MAS rate of 16.666 kHz and a set 96 temperature of 267 K. Proton decoupling with the SPINAL64 24 scheme at 90 kHz was applied 97 during acquisition. The recycle delay was 2.5 s. The 1 H and 13 C Dual-Receiver DARR experiment 98 was performed on 3.2 mm standard-bore E-free probe with Bruker Avance NEO spectrometer 99
operating at 700 MHz. The MAS rate was 12.5 kHz and VT gas flow was 2000 l/h. SPINAL64 100
decoupling was applied at ω1/2π = 90 kHz on the proton channel during acquisition (15 ms) and 101 the recycle delay was 2 s. 102 103 Figure 2. 1 H Pulse sequence used to measure the temperature increase from RF irradiation. The RF 104 irradiation is applied for the duration of 1 . 2 represents the delay before proton 90 pulse. A spin echo with 105 3 =20μs is applied before acquisition to dephase the signal from H1 in TmDOTP 106 107
Results and Discussion 108 1 H NMR signals of H2O and TmDOTP as precise temperature measures 109
The water chemical shift is known to be sensitive to temperature and has been employed as an 110
internal thermometer in several studies 12,18,23 . We compared the temperature dependence of the 111 chemical shift of the H6 proton in TmDOTP versus the water proton in the same sample ( Figure  112 3). The temperature dependency of the H6 proton in TmDOTP, 1.06 ±0.04 ppm/K, is 2 orders of 113 magnitude larger than that of water (-1.1x10 -2 ±0.1x10 -2 ppm/K), while the full width at half 114 maximum (FWHM), (1.5±0.6 ppm), is one order of magnitude larger than that of water (0.12±0.01 115 ppm). The uncertainty in the calculated temperature dependencies were dominated by the fitting 116 error. Overall, TmDOTP allows for more accurate and precise temperature measurements than 117
water. The homogeneous linewidth of the H6 proton calculated from 1/T2 was about 980 ± 60 Hz 118 at 275 K. The offset between homogeneous linewidth and the actual linewidth, 1.4 kHz, 119
presumably is due to inhomogeneous broadening that cannot be refocused by a Hahn spin echo 120 Figure S2 ).
146
The influence of TmDOTP on hydrated proteoliposome sample 147
We compared the KcsA proeoliposome spectrum with and without 25 mM TmDOTP and observed 148 no significant changes in chemical shifts or overall spectral quality ( Figure 5A ). KcsA, a pH 149 activated potassium channel from Streoptomyces lividans, is used here since the marker peaks of 150 the protein are sensitive to pH, temperature and potassium ion concentration changes 3,21 . This 151
indicates that the paramagnetic nature of the TmDOTP complex has little to no effect on the 152
properties of biological samples at the concentrations used. Marker peaks that belongs to the 153 selectivity filter residues T74, T75 and V76 are specifically examined here ( Figure 5B-D) . 154 155 156 157 
RF heating is linear with pulse power, pulse length and duty cycle 163
To examine the heating of a biological sample during RF irradiation, the pulse sequence shown in 164 Figure 2 was applied to a KcsA proteoliposome sample and the temperature was monitored using 165 the chemical shift of the H6 proton in TmDOTP. The target temperature was set at 275K on the 166 VT control and the gas flow rate was 1070 L/hr. Continuous wave (CW) irradiation that resembles 167 proton heteronuclear decoupling was applied here and the RF power, pulse duration ( 1 ), and duty 168 cycle were varied respectively. 2 was kept small (5 ms) here to limit sample cooling before 169 acquisition. Figure 6 shows that heating is proportional to the RF power, duration of the pulse and 170 duty cycle as discussed in the literatures 12,14 . 171 172 
179
Inequivalent RF heating on pellet vs. supernatant 180
One surprising finding from our RF irradiation study on the proteoliposome KcsA sample is that 181 the H6 proton in TmDOTP peak splits into two components (denoted by peak 1 and peak 2) under 182 RF irradiation on 3.2 mm E-free probe (Figure 7) . The appearance of peak 2, which has a larger 183
heating slope, only appeared under RF heating conditions, but not MAS ( Figure S3 ). Moreover, 184 the temperature reported by peak 2 matches with the one calculated from water proton chemical 185 shift in the sample ( Figure S4 ). However, the two distinct temperature populations are not resolved 186 in water proton peaks possibly due to the broad linewidth (130 Hz). Therefore, we assigned the 187 two peaks to TmDOTP in the pellet (peak 1) that sediments to the inner rotor wall due to the 188 centrifugal forces generated by MAS and the peak 2 to the TmDOTP remaining in the center 189 supernatant based on the agreement with the bulk water temperature measurement. The 190 homogeneous linewidth calculated from T2 for the peak 1 and peak 2 are 815±39 Hz and 598±22 191
Hz respectively. The divergent temperatures indicated by TmDOTP peaks might arise from 192 different cooling speed along the radial axis of the rotor and the distinct heat capacity of water and 193 proteoliposome. The data collected on a 1.3 mm solenoid probe is shown in Figure S5 . At the same 194 field strength, the uppermost temperature of the sample is consistently higher on 1.3 mm probe 195 than 3.2 mm E-free probe and the heating gradient is continuous rather than peak splitting. The 196
determined heating gradient can be as large as 18 K at the field strength of 90 kHz using the 1.3 197 mm probe. The difference in line shape between 3.2mm E-Free and 1.3mm solenoid probes is due 198 to the probe design and heating/cooling mechanism. 199 200 
207
Application and significance 208
Owing to the fast relaxation rate and minimal perturbation on biological sample properties, 209
TmDOTP can be incorporated into SSNMR samples to monitor real time temperature throughout 210 an experiment. This may be crucial for samples and measurements that are sensitive to temperature 211 changes, such as R1 26 . Here, we demonstrate the temperature mapping of a 13 C-13 C dipolar 212 assisted rotational resonance (DARR) experiment using 20 mM TmDOTP in KcsA 213 proteoliposome sample. The experiment was carried out at Bruker 700 MHz equipped with a 3.2 214 mm E-Free probe under 12.5 kHz MAS. The multi-receiver feature on AVANCE NEO enabled 215 an immediate H6 chemical shift measurement following every carbon acquisition. Figure S6 shows 216 the temperature of KcsA sample increased about 0.5 K through the experiment caused by proton 217 high power (90 kHz) proton decoupling during the increasing evolution time t1. In addition, our 218 data demonstrate that the heating from MAS and RF radiation are not additive. In order to obtain 219 the precise temperature during an experiment, it is necessary to include a real time thermometer, 220 such as TmDOTP, rather than simple extrapolation ( Figure S7 
